Two experiments were conducted to determine effects of diets containing n-3 fatty acids (n-3FA) from whole as well as ground flaxseed on the performance of broilers during coccidia infections. Diets were fed from 1 d of age through 3 wk of age. Chickens were infected with coccidia at 2 wk of age and the effects of infection assessed at 6 d postinfection. The first experiment contrasted effects of several high n-3FA-containing diets, including one supplemented with whole flaxseed, on infections with Eimeria tenella or Eimeria maxima. Infected chickens that consumed the flaxseed-supplemented diet had the lowest weight gains, but they were not significantly different from gains of infected chickens on the control diet. Diets supplemented with 5% menhaden oil or 15% flaxseed significantly reduced lesions caused by E. tenella, but had no effect on lesions caused by E. maxima. In a second experiment, diets supplemented with 5 or 10% ground flaxseed were assessed for effects on the performance of broilers infected with three dose levels (500, 5,000, or 50,000 oocysts) of E. maxima. Neither flaxseed diet protected weight gain during infection with 50,000 oocysts. However, a 5% flax diet protected weight gains in chickens infected with 500 or 5,000 oocysts. Diets supplemented with 5 or 10% ground flaxseed exacerbated lesions in chickens infected with 5,000 or 50,000 E. maxima oocysts compared to the control diet. Thus, diets containing high amounts of n-3 fatty acids do not affect the development of all Eimeria sp. in the same manner. The oxidative stress produced by these diets may more adversely affect development of E. tenella, which infects the relatively oxygen-poor ceca, whereas it does not affect development of E. maxima which parasitizes the middle portion of the small intestine.
INTRODUCTION
Coccidiosis, caused by several species of the genus Eimeria (protozoa), annually costs the U.S. poultry industry about $300 million. Approximately $100 million of this cost is related to the constant need for prophylactic application of anticoccidial drugs, particularly in the broiler industry. However, in recent years, emergence of drug-resistant strains of coccidia has made the currently available anticoccidial drugs less effective, and thereby has increased production losses from reduced weight gains and decreased feed efficiency in broiler production. At present, there is no live, killed, or subunit vaccine universally suitable for use in broiler chickens. Consequently, alternative methods of coccidiosis control are being sought.
Several investigations (Godfrey, 1957 (Godfrey, , 1958 Fawcett et al., 1989; Levander et al., 1993) have shown that feeding diets high in n-3 fatty acids (n-3FA) is protective against some protozoan infections in rodents. Because the effects of these diets could be reversed by supplementation with antioxidants such as vitamin E, it was concluded that the antiparasitic activity of the diets was due to oxidative stress induced by oxidation of the highly unsaturated fatty acids that had been incorporated into the tissues of the host and cells of the parasite. Recently, we (Allen et al., , 1996 found that diets containing n-3FA from menhaden oil and expressed flaxseed oil will significantly reduce cecal lesions caused by Eimeria tenella when fed to broiler chickens from 1 d of age through 3 wk of age. Reduction in lesions was associated with significant reduction in the development of the parasite within the cecal mucosa.
Because of the success against the cecal parasite, E. tenella, we wanted to determine whether a diet high in n-3FA would also offer effective protection against E. maxima, a parasite of the middle small intestine of the chick. We decided to use flaxseed as a source of n-3FA, as it contains as much as 35% oil, 55% of which is alinolenic acid. If a high n-3FA dietary treatment were to be put to practical use, formulation of a poultry starter feed with flax seed might be the simplest procedure to use. Additionally, a market is being sought for flaxseed as a high energy, high protein ingredient in poultry feeds (Sterns et al., 1994; Scheideler, 1994; Scheideler et al., 1994) . Furthermore, flaxseed is being used in layer feeds to obtain table eggs that are high in n-3FA. (Caston and Leeson, 1990; Jiang et al., 1992; Van Elswyk, 1993; Sim and Cherian, 1994; Ferrier et al., 1995) .
MATERIALS AND METHODS

Animals and Housing
Chickens of a commercial broiler strain were obtained at 1 d of age and housed, in groups of 8 to 10 chicks, in brooder batteries in a room with constant lighting, maintained at 26 C. Chickens consumed feed and water ad libitum.
Diets
The control diet was Southern States 1 broiler starter (reported to contain 24% protein, 4% fat, 4% crude fiber, 1.23 mg/kg vitamin B 6 and 4.5 IU/kg vitamin E) that was ground to a mash. Menhaden oil, 2 flaxseed 3 (whole or ground), or medium chain triglyceride (MCT) oil 4 (used as a caloric control) were mixed with the mash on a weight basis. The mixed diets were made up just prior to the start of the experiments and were refrigerated until offered to the chickens.
Parasite and Doses
The strains of E. maxima and E. tenella used were developed from field strains obtained from commercial broiler houses on the Maryland Eastern Shore, were purified by single oocyst infections, and were maintained by serial passage through chickens at the USDA-ARS, Parasitology Unit in Beltsville MD.
General Protocol
Groups of chickens were randomly assigned to battery pens and dietary treatments at 1 d of age. Groups were maintained on a given diet treatment through 3 wk of age. At 2 wk of age, chickens were weighed and some groups infected with coccidia by a 1-mL gavage of oocyst suspension. Uninfected control chickens received 1 mL of water. At 6 d postinfection, chickens were weighed, bled, and killed by cervical dislocation and their intestines scored for lesions (Johnson and Reid, 1970) . Plasma samples were analyzed for total carotenoids. Aliquots of plasma were spin-filtered through Centricon-30, 5 30,000 MW cut-off filters to obtain clear colorless filtrates that were frozen until used for NO 2 -+ NO 3 -analysis.
Experiment 1
This experiment was conducted to confirm previously seen effects of high n-3FA diets on infections with E. tenella, a parasite of chicken ceca, and to contrast them with effects on infection with E. maxima, a parasite of the middle portion of the small intestine. It was comprised of 11 experimental groups: 4 diet treatments (control, 5% menhaden oil, 5% MCT oil, 15% whole flaxseed), and 3 parasite treatments (uninfected, E. tenella-infected and E. maxima-infected) in a factorial arrangement. An uninfected group on the flaxseed supplement was not included. There were six chickens per group. The doses per chick of E. tenella and E. maxima were each 50,000 oocysts. The 5% menhaden oil provided the calculated equivalent of 0.05% linolenic acid, 0.64% eicosapentaenoic acid, and 0.40% docosahexaenoic acid. The 15% whole flaxseed provided the calculated equivalent of 5.2% added flaxseed oil, or 2.9% added linolenic acid.
Experiment 2
This experiment was designed to study interactions of dietary flaxseed level with infective doses of E. maxima. It consisted of 12 groups of 10 chicks each (5 per cage) in a factorial arrangement: three levels of ground flaxseed supplement (0, 5, and 10%), and four dose levels of parasite (0, 500, 5,000, 50,000). The 5 and 10% ground flaxseed levels were calculated to provide the equivalent of 1.7 and 3.3% flaxseed oil, or 0.9 and 1.8% additional linolenic acid, respectively.
Histology
Infected and control intestinal tissues were fixed in cold Carnoy's solution (Lillie, 1965) , then stored in 80% ethanol. Tissues were embedded in paraffin and processed by a commercial laboratory. 6 The resulting 5-m-thick cross sections were stained with hematoxylin and eosin.
Analyses
Total plasma carotenoids were analyzed spectrophotometrically (Allen, 1992) . Total NO 2 -+ NO 3 -in 150-mL aliquots of the plasma filtrates was analyzed by reducing NO 3 -to NO 2 -with nitrate reductase 7 according to Verdon et al., (1995) and determining NO 2 -colorimetrically using the Griess reaction (Fox, 1983) . Analyses were carried out in 96-well microtiter plates. Absorbances were read at 540 nm (peak) and 650 nm (baseline). The 
Statistical Analysis
The data were analyzed by analysis of variance using the General Linear Models procedure of SAS ® (SAS Institute, 1990) to determine significant main effects and interactions. Significant differences between group means were determined by Duncan's multiple range test (P ≤ 0.05).
RESULTS
Experiment 1
It was determined that weight gain was significantly affected by diet (P ≤ 0.0005) and by infection (P ≤ 0.0001). There was, however, no significant interaction of these two variables. Lesion scores were also significantly affected by diet (P ≥ 0.035) and infection (P ≤ 0.0001), but in this case, there was an interaction (P ≥ 0.0007). Infection with E. tenella did not affect weight gains of chickens consuming the control, MCT-supplemented, or menhaden oil-supplemented diets. However, those that consumed the 15% whole flaxseed diet gained significantly less than the groups that consumed the diets supplemented with 5% MCT oil or 5% menhaden oil, but not significantly less than the chicks consuming the control diet (Table 1) . Infection with E. maxima caused reduced weight gains within every dietary treatment compared to the uninfected control chickens and chickens infected with E. tenella (Table 1) .
Both 5% menhaden oil and the 15% whole flaxseed diets significantly reduced lesions caused by E. tenella. No diet was effective in reducing lesions caused by E. maxima (Table 1) . Plasma carotenoids were significantly reduced by E. maxima infections within every diet treatment, whereas they were reduced by E. tenella infections only within the 5% MCT oil diet (Table 2) .
Plasma NO 2 -+ NO 3 -levels in chickens consuming the control diet were significantly increased by both E. tenella and E. maxima infection (Table 2) . No significant increases with respect to uninfected controls were seen within the 
Experiment 2
Prior to inoculation, the mean body weight of chicks that had consumed the 10% ground flaxseed diet was reduced by about 11% compared to that of chicks that had consumed the control diet. The 5% flaxseed diet had no significant effect on mean preinoculation body weight (data not shown). At 6 d PI, the predominant influence on weight gain was parasite dose (Table 3 ). The mean weight gain of chicks that had received 50,000 E. maxima oocysts was significantly reduced compared to all uninfected chicks regardless of diet. Consumption of the 5% flax diet was protective against decreased weight gains at a dose of 5,000 oocysts, but not at a dose of 50,000 oocysts. On the other hand, consumption of the 10% flax diet appeared to exacerbate weight gain decreases due to infection, particularly at the 5,000 oocyst dose levels ( Table 4) . Part of this effect may have been related to the detrimental action of the 10% ground flaxseed diet on weight gain as noted by significantly reduced body weights prior to infection (P ≤ 0.009).
Mean lesion scores generally increased numerically with parasite dose regardless of diet (Table 4 ). In spite of this result, the mean scores of groups within the control diet treatment were not significantly different regardless of parasite dose. On the other hand, within the 5 and 10% ground flaxseed dietary treatments, lesion scores elicited by a dose of 500 oocysts were significantly lower than scores from the group on the control diet. In no diet treatment was there a significant difference in mean lesion score between infective doses of 5,000 and 50,000 oocysts (Table 4) .
A diet effect on plasma carotenoids was seen in uninfected chickens (Table 4 ). The mean level of the uninfected group consuming the 5% ground flaxseed diet was significantly higher than that of the uninfected group consuming the control diet (P ≤ 0.02). Plasma carotenoids in the uninfected 10% ground flaxseed diet group were also higher, but not significantly so. Infection with 500 oocysts per chick significantly decreased plasma carotenoids in all diet treatments. Infection with 5,000 oocysts produced further significant decreases in mean plasma carotenoids in chickens within the ground flaxseed diet treatments. However, infection with 50,000 oocysts did not produce any greater decrease in plasma carotenoids than infection with 5,000, regardless of diet treatment (Table 4) .
Plasma levels of NO 2 -+ NO 3 -in chickens infected with 500 oocysts were not significantly increased over levels in uninfected chickens regardless of diet treatment (Table 4) . Infection with 5,000 or 50,000 elicited similar significant increases in plasma NO 2 -+ NO 3 -levels regardless of diet treatment. Histological examination of tissues from chicks infected with 50,000 E. maxima oocysts revealed that the degree of tissue invasion and parasite development was about the same in chicks that had consumed the flaxseed diets as in chicks that had consumed the control diet.
DISCUSSION
The results of Experiment 1, as well as those previously reported (Allen et al., , 1996 , clearly illustrate the apparent different responses of two Eimeria species to diets supplemented with sources rich in n-3FA. Whereas dietary n-3FA reduced lesions caused by, and suppressed actual development of, E. tenella, they have no beneficial effect on lesions caused by E. maxima, do not affect its development, and do not ameliorate the pathology of primary infections.
In Experiment 1, it was noted that the whole flaxseed did not mix well with the starter mash, affording the possibility that the chickens preferentially picked the seeds out of the feed, and therefore ate more than was expected. The weight gain data ( Table 4 ) also suggested that 15% whole flaxseed might be detrimental to weight gain. Part of this effect might be due to the presence of a vitamin B 6 antagonist, linatine, (Klosterman et al., 1967) in flaxseed, which, when fed in high amounts, might retard growth. For those reasons, the flaxseeds were ground and added at two lower levels for Experiment 2. These levels did not significantly affect weight gain of uninfected animals.
Effects on weight gain, plasma carotenoids and plasma NO 2 -+ NO 3 -were dependent upon parasite dose. However, it is apparent from the lesion score, carotenoid, and NO 2 -+ NO 3 -data that there was very little significant increase in pathology by increasing the infective dose from 5,000 to 50,000 oocysts per chick. On the other hand, an increase from 500 to 5,000 oocysts per chick generally caused significant changes. These dose effects are consistent with the knowledge that E. maxima is the most immunogenic of Eimeria sp. to infect chickens and suggest that the effects seen are related to the immune response.
Factors that might contribute to the differences in response of E. tenella and E. maxima to high n-3FA diets include site of parasite invasion (ceca vs the middle portion of the small intestine), host immune reactions at the infection site (predominance of lymphocyte cell type in tissue infiltrates), and parasite metabolism. In our previous experiments with E. tenella infections, a role for oxidative stress in control of infection was strongly indicated by the diet-induced decreases in plasma vitamin E and carotenoids even in uninfected chickens (Morris et al., 1995) . It may be that E. tenella, which develops in the relatively anaerobic cecum, is quite susceptible to oxidative stress (Ovington and Smith, 1992) , whereas E. maxima, which develops in the middle portion of the small intestine, is not. In all diet treatments in Experiment 2, infective doses of 500 oocysts significantly reduced plasma carotenoids without affecting weight gains. One interpretation of these results could be that a dose small enough not to affect nutrient absorption could still be immunogenic enough to elicit production of reactive oxygen species such as O 2 -from activated macrophages and thus oxidatively destroy plasma carotenoids. Eimeria maxima may stimulate phagocytic cells of the host's immune system to produce superoxide anion that by itself, or as an initiator of free radical cascades, causes pathology. Eimeria maxima may be able to detoxify oxidative products (for example, with superoxide dismutase or catalase), whereas E. tenella, living in a relative anaerobic milieu, may lack these defenses.
Both NO 2 -+ NO 3 -are stable metabolites of NO, and plasma levels of these ions are useful as an index of NO production within tissues (Stuehr and Marletta, 1985) . The increases in plasma NO 2 -+ NO 3 -during primary coccidia infections are consistent with previous findings for infections with E. acervulina (Allen and Teasdale, 1994) and E. tenella (Allen, 1994) . The source is presumed to be NO synthase induced by cytokines that are elaborated during cellular immune responses (Moncada et al., 1991) . Precisely which cells may be producing the NO is not yet known.
The results of these experiments show that although feeding diets supplemented with n-3FA actually suppresses E. tenella development, it is not beneficial in reducing effects of E. maxima infections, and may exacerbate lesions at high parasite doses. These experiments were conducted using young, fast-growing broilers that are quite susceptible to E. maxima infections. Whether or not similar results would be seen in layers, in older birds, or in broiler breeders is not known. However, poultry growers who are producing "designer" eggs by feeding layers high amounts of n-3FA should be concerned about possible problems with E. maxima.
